ABSTRACT ci Over the past 10 years a series of substituted 1,3-cyclohexanediones (alloxydim, sethoxydim, and clethodim) has been introduced as postemergence grass herbicides for use in broadleaf crops (Fig. 1) . These compounds exhibit a remarkably similar spectrum of phytotoxicity on both annual and perennial grasses without affecting broadleaf plants (6, 13, 14) . Studies on the uptake, translocation, and metabolic fate of these herbicides in tolerant and susceptible plants have shown that the selectivity for monocotyledonous species is probably not due to differential metabolism of the compounds to nonherbicidal forms, or to differential uptake or transport (4, 24, 25) . These results suggest that the tolerance of broadleaf crops and weeds is based on the insensitivity of the target site to these compounds.
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Recent studies on the mode of action of sethoxydim (2, 3, 10) (11) . Preparation of Acetyl-CoA Carboxylase. The enzyme preparations for the grasses and spinach were partially purified using the steps outlined above and in (11) . Mung bean enzyme was obtained from etiolated mung bean seedlings which were frozen, homogenized in liquid N2, suspended in buffer, filtered and centrifuged to remove cell debris, then loaded onto a DEAE ion exchange column. Fractions containing the carboxylase activity were pooled and further purifietd by chromatography on Sephacryl® S-300.
Assay of Fatty Acid Biosynthesis and Transacylase Activities. Assays used in Table IA 50 ,ug E. coli ACP, 80 jig yeast S-acetyl-CoA synthetase (Sigma), 0.6 mg enzyme and inhibitor in a total volume of 0.4 ml of 6 mm NaP, (pH 7.9). After 20 min at 25°C, the assay was terminated by addition of cold perchloric acid and worked up as described in (11) for the transacylase assays. Background controls were run in the absence of ACP and were subtracted from each of the above assays.
Assay of Acetyl-CoA Carboxylase. The grass enzymes were assayed using a modification of the continuous spectrophotometric assay described in (9) . The reaction mixture contained in a total volume of 1.0 ml 0.1 M K-Taps (pH 8.5) at 25°C, 2.5 mm ATP, 5 mM MgSO4, 15 mM NaHCO3, 0.2 mM PEP, 10 p.g LDH (7 units), 15 ,ug PK (6 units), and 10 with acetate or malonate via specific transacylases. The above assays suggest that only the second enzyme is the herbicide target. Inhibition of the first enzyme, acetyl-CoA synthetase, should block label incorporation into protein completely rather than partially. To test this hypothesis further, both acetylCoA synthetase and acetyl-CoA:ACP transacylase (the third enzyme) were partially purified from barley chloroplasts and assayed for inhibition by clethodim. Neither enzyme was significantly inhibited by this grass herbicide (data not shown), whereas acetyl-CoA carboxylase was strongly inhibited (Ki = 10-7 M, Table II) Inhibition of Acetyl-CoA Carboxylase. All three cyclohexanedione herbicides tested, alloxydim, sethoxydim, and clethodim, were potent inhibitors of barley chloroplast acetyl-CoA carboxylase (Table II) . These inhibitors were from 10 to 100 times more tightly bound compared to any of the substrates under the conditions described in Table II . Since acetyl-CoA carboxylases from all sources contain covalently bound biotin (23), it is not surprising that avidin, a protein which binds free biotin extremely tightly (18) , is also a potent inhibitor of the barley enzyme. Also, as expected, several other postemergence herbicides which have a different mode of action, bentazon, acifluorfen, and 2,4-D, were found to be poor inhibitors of acetyl-CoA carboxylase.
Additional evidence that acetyl-CoA carboxylase is the site of action of these grass specific herbicides is that the enzyme from broadleaf plants is much less sensitive to the compounds, which is consistent with the whole plant data. The inhibition constants of several representative herbicides were determined and compared for the enzyme from susceptible grasses and tolerant broadleaves (Table III) . It is clear that the enzyme from broadleaves is much less sensitive to inhibition by these herbicides (K, values are 400 to 60,000 times higher depending on which species are compared). These data also suggest an explanation for the selective control of grassy species by these herbicides.
The covalently bound biotin in acetyl-CoA carboxylase acts as the carboxyl carrier between an ATP-dependent biotin carboxylation site and a carboxyltransferase site (18, 23) . In characterizing the inhibition of barley chloroplast acetyl-CoA carboxylase by these compounds, we found that the inhibition patterns of clethodim versus any of the substrates, MgATP, HCO3-, or acetyl-CoA, fit best to the equation for linear noncompetitive inhibition (7) . However, the apparent inhibition constant was most sensitive to the level of acetyl-CoA (Kj,<Kjj) rather than MgATP or HCO3-(Kj,>K,j), suggesting that these compounds interfere with the acetyl-CoA -> malonyl-Coa transferase site. The apparent inhibition by clethodim did not increase over a 4 h period indicating that the cyclohexanediones are reversible inhibitors. Additional experiments are needed to further characterize the binding site of the herbicide and to determine whether the catalytic functions are directly affected or whether regulatory sites are involved.
Inhibitors of lipid biosynthesis, especially of plants, are relatively rare. These include only two antibiotic classes represented by cerulenin, which was discussed previously (20) , and thiolactomycin, which was reported to inhibit plant and bacterial acetylCoA:ACP transacylase (19) . Other reported inhibitors of lipid biosynthesis are the thiocarbamate (8, 26) and phenoxyphenoxypropionate (12) herbicides whose sites of action in the pathway are unknown. To our knowledge the selective and potent inhibition of acetyl-CoA carboxylase by the cyclohexanedione grass herbicides represents the first demonstration of inhibition of the enzyme from higher plants by xenobiotic compounds. It appears that inhibition of acetyl-CoA carboxylase may be the mechanism of action of the cyclohexanedione herbicides, and that selectivity for monocotyledenous species is achieved by differences in sensitivity at the target enzyme level. Thus, lipid and/ or flavonoid biosynthesis may be added to plant metabolic processes such as photosynthesis (8) , carotenoid biosynthesis (8), microtubule assembly (17) , and essential amino acid biosynthesis (1, 5, 15, 22) , whose inhibition is herbicidal.
Note Added in Proof. After submission of this manuscript, we have been made aware of two papers citing acetyl-CoA carboxylase as the site of action for the cyclohexanedione herbicides: 
